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ABSTRACT 
Bender elements have become more and more commonly used for measuring the shear wave 
velocity in soil specimens, with the purpose of estimating the small strain shear modulus (Go) 
of the material. A pair of in-line bender elements is usually used, where one acts as the 
transmitter sending off the shear waves, while the other on the opposite end captures the 
arriving waves. The shear wave velocity (vs) is derived by dividing the travel distance of the 
waves (between the transmitter and receiver) with the arrival time, which in turn is squared 
and multiplied with the specimen’s bulk density to obtain Go (on assumption of a plane wave 
traversing a homogeneous and elastic material). Nevertheless the shear wave arrival time 
determined from bender element measurements can vary over a wide range, depending on the 
method adopted to identify the arrival time. This paper describes a series of bender element 
tests conducted on a pair of unconfined specimens, i.e. both measuring 80 mm in height, 76 
mm and 114 mm in diameter respectively. With shear waves triggered at frequencies between 
7 and 15 kHz, the received signals were subjected to careful examination of the arrival time, 
in both the time and frequency domains. Interestingly, no one method turned out as the 
winner, where each presented certain problems and discrepancies. The time domain method 
remained favourable due to its simplicity, which is perhaps one of the key factors contributing 
to the growing popularity of bender elements. The frequency domain method, on the other 
hand, involved complex manipulation of the original signals, which can be onerous and time-
consuming. In conclusion, as far as bender elements are concerned, the reliability of shear 
wave velocity measurements can be significantly increased if the user rigorously employs the 
same arrival time identification method and exercises consistent judgment in the test series. 
KEYWORDS: shear wave velocity; unconfined specimens; small strain shear 
modulus; bender element; arrival time. 
 
INTRODUCTION 
The bender element test is a non-destructive test that has gained popularity in the laboratory 
determination of small strain shear modulus, Go. Bender elements are essentially a pair of 
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piezoelectric bimorph transducers: the ‘transmitter’ generates a bending motion when excited 
with a small voltage, while the ‘receiver’ detects the vibration propagated through the medium 
and produces a voltage output (see Fig. 1). The transmitted and received electrical signals are 
recorded as waveforms on an oscilloscope for further examination. The bender element test can 
be carried out on unconfined specimens, or more commonly, in a test apparatus (e.g. triaxial cell, 
oedometer and resonant column apparatus) to provide shear wave velocity measurements. 
 
Figure 1: Schematic diagram of a bender element probe. 
The increasing interest in bender element tests may be attributed to the relatively quick and 
simple test procedure. As the same specimen can be tested at different intervals, the number of 
specimens required is very minimal. Also, recent advances in the quality of digital signal 
recording and sophisticated analysis methods have further increased its appeal. 
Historically, Lawrence (1963, 1965) was probably the first to apply piezoelectric transducers 
in shear wave testing of soil specimens. The test was carried out on clay and sand specimens, 
with shear plate transducers housed in the base pedestal and top cap of a triaxial apparatus. Later, 
Shirley and Anderson (1975) introduced bender ceramics in place of the shear plates for testing 
dry sand. These were preferable due to the generation of stronger signals with lower electrical 
excitation. Dyvik and Madshus (1985) successfully developed bender elements for testing 
saturated soils. They introduced an epoxy-coating of the ceramics for insulation against the 
potentially conductive nature of soil, which could adversely affect the received signals. This 
breakthrough eventually led to a great expansion of bender element testing in laboratories.  
A prerequisite to the development of excellent shear wave velocity measurement techniques 
was a substantial improvement in the quality of the received signal (Jovičić et al. 1996). This was 
achieved by careful shielding of the cables connecting the bender elements to avoid external 
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interference, so that the signals did not require amplification, filtering or averaging of data. 
Pennington et al. (2001) found that the most stable signals were obtained if the receiver bender 
element’s ground was in electrical connection with the soil specimen, and that all earthing routes 
were avoided for the transmitter to prevent earth induction loops through the specimen to the 
receiver. Jovičić et al. (1996) reported that to capture a bender element signal that can be 
interpreted objectively, a sinusoidal wave pulse is preferable to a square wave one. Square waves 
proved to be too complex for analysis due to the wide spectrum of frequencies present which can 
result in near-field effects. 
Incorporation of bender elements in triaxial apparatus is arguably the most common practice, 
as demonstrated by Jovičić et al. (1996), Fioravante and Capoferri (2001), Pennington et al. 
(2001), and in more recent times by Teachavorasinskun and Lukkanaprasit (2008), Leong et al. 
(2009), as well as Chan et al. (2010). However conducting bender element tests on unconfined 
specimens are not unheard of, such as in the area of stabilised soils, where the bender element 
tests complemented unconfined compressive strength measurements. Examples of efforts in that 
area and direction include work by Mattsson et al. (2005) and Chan (2007). 
METHODS OF SHEAR WAVE ARRIVAL TIME 
DETERMINATION 
Time domain methods are direct measurements based on plots of the electrical signals versus 
time (e.g. Viggiani and Atkinson 1995, Arulnathan et al. 1998, Clayton et al. 2004, Porbaha et al. 
2005), whereas the frequency domain methods involve analyzing the spectral breakdown of the 
signals and comparing phase shifts of the components (e.g. Viggiani and Atkinson 1995, 
Brocanelli and Rinaldi 1998, Arroyo 2001). It is, however, important to note that no method is yet 
proven to be superior to the others, as most recently reported by Yamashita et al. (2009) in an 
international parallel bender element tests exercise involving 23 institutions from 11 countries. 
The shear wave arrival time determination methods employed in this study are presented below. 
Derivation of velocities using phase-frequency relationship is not included due to the complexity 
involved. 
 
Visual picking 
 This is the most commonly used method of interpretation, where the first major deflection of 
the received signal is taken as the shear wave arrival time (to) (Viggiani and Atkinson 1995, 
Jovičić et al. 1996, Lings and Greening 2001, Kawaguchi et al. 2001 and others). The method 
owes its popularity to being straightforward. The first significant departure from zero amplitude 
could be positive or negative, depending on the arrangement and polarity of the bender elements. 
For easier identification, Teachavorasinskun and Amornwithayalax (2002), Teachavorasinskun 
and Lukkanaprasit (2008), employed a pair of oppositely polarised signals, obtained by changing 
the polarisation of the transmitter. This is similar to the down-hole seismic field test where the 
received shear wave signal is captured twice by striking the hammer in opposite directions. 
However it should be cautioned that polarity inversion of the transmitter bender element reverses 
the entire waveform, including the near-field components that can mask the actual arrival time 
(Leong et al. 2009). Considering that the major disadvantage of the visual picking method is the 
uncertainty when the received signal does not display a distinct and sharp deflection point, such 
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manipulation may be of limited benefits. Quite often this first point or arrival is masked by near-
field effects or other interference, like background noise.  
 
First major peak-to-peak 
The first major peak-to-peak method (e.g. Viggiani and Atkinson 1995, Chan 2007) is based 
on the assumption that the received signal bears a high resemblance to the transmitted one. The 
time lapse (tpk-pk) between the peak of the transmitted signal and the first major peak of the 
received signal is taken as the shear wave travel time. Due to the dispersion effect caused by 
sample geometry, and the energy-absorbing nature of soil, the received signal is usually distorted 
to various extents while attenuating with distance. In these circumstances, defining the first major 
peak becomes more difficult, as when the signal has several consecutive peaks of very slight 
differences in amplitude. As with the visual picking method, this technique is also significantly 
affected by the quality of received signals. 
 
Cross-correlation 
Cross-correlation, an adaptation of conventional signal analysis methods, was first introduced 
by Viggiani and Atkinson (1995) in the context of BE tests in soils. The cross-correlation analysis 
method measures the level of correspondence or interrelationship between two signals, 
transmitted, T(t) and received, R(t), as expressed by the cross-correlation coefficient, CCTR(ts): 
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where Tr is the time record and ts is the time shift between the two signals.  
In order to apply this technique, it is convenient to convert the time domain signals to the 
frequency domain, whereby decomposition of the signals produces groups of harmonic waves 
with known amplitude and frequency. A common algorithm used for this purpose is the Fast 
Fourier Transform, which transforms the signals to their linear spectrums, giving the magnitude 
and phase shift of each harmonic component in the signal, respectively. The complex conjugate 
of the linear spectrum of the transmitted signal is next computed, and the cross-power spectrum 
of the two signals established.  
Since the magnitude and phase of the cross-power spectrum are the products of the 
magnitudes and phase differences of the components in the two signals at that particular 
frequency, the range of common frequencies can be deduced from the magnitude of the cross-
power spectrum. The maximum CCTR(ts) denotes the corresponding time shift between the 
signals being analysed, which is the travel time of the shear wave. Note that the cross-correlation 
can be a more consistent method compared with the previous two but this only holds true if the 
transmitted and received traces consist of sufficiently similar frequency components.  
It is obvious then that analysis in the time domain can be uncertain due to the inherent 
characteristics of the signals. One way of analyzing the signals without such influence is to 
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decompose the traces into their frequency spectra and carry out the analysis in the frequency 
domain, as described in the following sections.  
Cross-spectrum 
Implementation of the cross-spectrum method in analysing bender element test results was 
also first proposed by Viggiani and Atkinson (1995). It is essentially an extension of the 
procedure used in the cross-correlation method, where the frequency spectra of the signals are 
further manipulated to obtain the absolute cross-power spectrum.  
An ‘unwrapping’ algorithm is applied on the cross-power spectrum phase angle in to account 
for the missing cycles, resulting in a monotonic plot termed the absolute cross-power spectrum 
phase diagram. With a linear regression line fitted through the data points over a range of 
frequency presumed to be common to both signals, the slope of the line gives the group travel 
time (Viggiani and Atkinson 1995). 
 
Comparison of time and frequency domain interpretation 
methods 
As stated earlier in this section, in spite of the various techniques employed, a method has yet 
to be found as being the most reliable in defining the shear wave arrival time, either in the time or 
frequency domain. Greening and Nash (2004) claimed that frequency domain interpretation 
methods provide more information on the relationship between the transmitted and received 
signals in bender element tests. The authors found that the time domain methods tended to 
underestimate the shear wave arrival time, and hence overestimated the shear wave velocity and 
Go. Arroyo (2001) made a systematic attempt to compare the effect of the different methods on 
Go estimation. Using statistical analysis, it was shown that there was no clear optimum, but that 
consistency could be significantly improved by adopting one method in an entire test series, 
resulting in a coefficient of variation ranging between 10 and 20 % for the shear wave velocity, 
corresponding to a 20 to 40 % uncertainty in Go. However, based on histograms of the shear 
wave velocity data obtained with different methods, only the cross-spectrum method displayed a 
normal distribution, suggesting that the method could be the more reliable than the rest.  
 
EXPERIMENTAL WORK: MATERIALS AND EQUIPMENT 
Fabrication of bender element (BE) probes 
The bender elements were made in-house, greatly assisted by advice received from the 
Geotechnics research team at Bristol University. 0.5 mm thick bimorph PZT-5A strips (Morgan 
Electro Ceramics), were cut into lengths of 16 mm with a diamond wheel cutter. The strips had 
either series or parallel polarisation. An opposite-sense polarised / series ceramic, appropriately 
wired, was used for the receiver and a same-sense polarised / parallel one for the transmitter 
(Lings and Greening 2001). The electrical connections were made with a 1.8 mm diameter 
coaxial cable. Once made, the BEs were encapsulated in resin. A resin coating was necessary to 
provide waterproofing and protection to the ceramic as well as the wiring circuit.  
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A 40 mm x 30 mm x 20 mm aluminium split potting mould was designed and manufactured 
in the workshop to produce an encapsulation of 0.5 to 1.0 mm thickness on all sides of the 
protruding ceramic. A 2-part epoxy resin (Araldite MY753 and HY951) was introduced into the 
mould with a syringe through the access hole on the mould. The mould was then kept in an oven 
at 105oC for 24 hours to enable the resin to cure more rapidly.  
Upon de-moulding, the now encapsulated BE was potted in a brass cup of 20 mm external 
diameter and 20 mm depth with the same resin. The final protrusion of the BE was 12 mm wide x 
7 mm long (Fig. 2). The substantial protrusion length was intended to ensure a good coupling 
between the sample and the BE, and hence give clear signals for the determination of the shear 
wave travel time. A BNC (Bayonet Neill Conringman) plug was fixed to the far end of the cable 
for connection to the relevant devices. 
 
Shear wave velocity measurement 
Connected to a function generator, Thandor TG503 (triggered by a separate function 
generator, Continental Specialities Corporation Type 4001), the transmitting bender element was 
excited with ±10 V single cycle sine pulses of 1-20 kHz. The received signal, as detected by the 
receiving bender element, was amplified through a battery-powered amplifier which inadvertently 
reversed the polarisation of the signal. The transmitted and received signals were both captured 
on a digital phosphor oscilloscope (Tektronix TDS3012B, 100 MHz, 1.25 GS/s) and the digitised 
data were subsequently processed in spreadsheets for different methods of shear wave arrival 
time determination. 
 
Figure 2: Bender elements used in the tests 
Transmitter 
Receiver 
Base 
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Test specimens 
The test specimens consisted of a pair of 80 mm high, 76 mm (i.e. Specimen S) and 114 mm 
(i.e. Specimen L) diameter cylindrical specimens respectively. Made of compacted cement-
stabilized kaolin at 42 % water content and 3 % ordinary Portland cement, based on dry weight of 
the kaolin, both specimens were wrapped in cling film and kept in an airtight bucket at 20oC for 
over a month prior to tests. Note that this study was originally conducted as part of a wider 
examination of stabilized soils using bender elements, hence the stabilised specimens used in this 
particular branch of investigation.  
RESULTS AND DISCUSSIONS 
Visual picking 
The method depends on a visual determination of the first major positive departure of the 
received signal from zero amplitude, where the shear wave arrival time and velocity defined are 
denoted by to and vo respectively. There is no complication if the received signal remains flat 
before a clear cut deflection on the plot (Fig. 3), but due to the effects of background noise, near-
field effects or dispersion, the first sign of the trace rising can be difficult to identify. As pointed 
out in the report by Yamashita et al. (2009), a received signal with small voltage and rough 
resolution make pinpointing the arrival time difficult. Manipulating the input frequency was also 
not found to bring meaningful change to the frequency of the received wave in the same authors’ 
work. 
 
 
 
 
 
 
 
 
 
 
Figure 3: Visually-picked method 
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First major peak-to-peak 
The shear wave travel time is defined as the time interval between the positive peak of the 
transmitted signal and the first major peak on the received signal, tpk-pk, and the shear wave 
velocity is represented by vpk-pk. An example is shown in Fig.. 4 with the same signals as shown 
in Fig. 3. It may seem to be a better method than the visual picking of the first deflection point as 
it is not affected by distortion of the received signal or by near-field effects, but again this method 
relies on the quality of the signals. Increased frequency difference between the transmitted and 
received signals (a sign of dispersion) inadvertently leads to lower confidence in the arrival time 
reading (Yamashita et al. 2009). Leong et al. (2009) highlighted the usually lower predominant 
frequency of the received signal compared to the input or excitation frequency, and attributed the 
difference to both soil’s damping properties and soil-transducer interaction. A received signal 
with little distortion and compatible frequency, hence minimal dispersion, makes the definition of 
the first major peak more reliable. Also, it may be noticed in Fig. 4 that the first major peak in the 
received signal is not of the highest amplitude, which indicates the influence of dispersion. 
 
 
 
Cross-correlation 
Cross-correlation essentially measures the level of correspondence between the transmitted 
and received signals. Using the same signals as before, an example of the method is illustrated in 
Fig. 5, where the cross-correlation function is plotted alongside the transmitted and received 
signals. Ideally, in the present work, the maximum cross-correlation function was supposed to 
correspond with the first major positive peak in the received signal. However, the first positive 
peak rarely had the highest magnitude, and thus did not produce the maximum cross-correlation 
function. This resulted in a misleading interpretation of the travel time, which was determined by 
Figure 4: First peak-to-peak method 
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a subsequent peak in the received trace. Such errors were in agreement with findings of 
(Yamashita et al. 2009), who established significant scatter in the compilation of arrival time data 
derived from the method. Arulnathan et al. (1998) elaborated on the theoretically unsound basis 
for cross-correlation, mainly due to the complex nature of the supposed received signal, 
incompatible phase-frequency manipulation (transfer functions), non-plane wave propagation 
characteristics and near-field effects. In short, the method may appear rigourous in practice but 
erratic in analysis, thus further explaining the discrepancy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cross-spectrum 
The cross-spectrum method works in the frequency domain of the signals, where the shear 
wave arrival time or velocity is derived from the phase diagram. An example of a ‘wrapped’ 
phase plot is shown in Fig. 6a. Every major reversal (negative slope) of the plot represents a 
missing cycle. By subjecting the phase data to an ‘unwrapping’ process, the missing cycles are 
accounted for and a monotonic phase plot is obtained, Fig.. 6b. Referring to Viggiani and 
Atkinson (1995), the slope of a linear regression line () fitted through data points over a range 
of frequency, presumed to be common to both signals, gives the so-called ‘group travel time’, tcs 
=  / 2. Note that non-linearity of the plot depicts dispersion, caused by incompatibility 
between the phase and group velocities, discernible with further frequency domain manipulations. 
 
Comparison of shear wave arrival time determination 
methods 
Referring back to Fig.. 7, summarizing the shear wave velocities obtained from the four 
methods, it appears that vo, vpk-pk and vcc tend to converge at higher frequencies, whereas the 
Fig. 5 Cross-correlation method 
Figure 5: Cross-correlation method 
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vcs values were consistently lower than the other three velocities. This observation agrees with 
the comment by Arroyo (2001) that tcs tends to be significantly larger than the arrival times 
defined in the time domain. On the other hand, Arroyo (2001) also reported that to was always 
lower than tcc but that was not observed in this test series. Referring to the compiled evidence of 
bender element tests on saturated and dry Toyura sand specimens by Yamashita et al. (2009), (1) 
tcs was found to be considerably smaller than to; (2) tcc and tcs were almost identical for the 
saturated specimens, (3) tcc and tcs were markedly different, with no apparent pattern noticeable, 
for the dry specimens. 
 
 
Figure 6b: “Unwrapped” phase diagram 
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Figure 6a: “Wrapped” phase diagram 
Vol. 15 [2010], Bund. M 1273 
 
In general, the visually picked to is perhaps most influenced by subjectivity, depending on 
both signal quality as well as the judgment exercised to determine the arrival time. Determination 
of tpk-pk may escape the near-field effects, but still affected by the criterion set for the first major 
peak (e.g. when the first peak is not of the largest magnitude). The tcc method, despite the 
laborious data manipulation procedure, is still fundamentally influenced by the signal quality, 
seeing how closely the cross-correlation function (labelled as ‘CC’ in the plot) follows that of the 
received signal, Fig. 5. The differences between the shear wave velocities defined with the three 
methods therefore clearly reflect the uncertainty of the time domain interpretation methods, due 
to various influencing factors as described earlier.  
Based on comparison of the results from the various methods in Fig. 7, there was no evidence 
that the other methods were more superior to the visual picking method. In the same Fig.ure, the 
scatter of the shear wave velocity data defined with the other methods (i.e. vcc, vpk-pk and vcs) 
does not appear to be less significant than that observed in the visually picked ones (i.e. vo). 
Considering that the visual picking method is by far the simplest, most direct and least time-
consuming, it is therefore arguably the most deserving winner here, if a champion must emerge!  
As reported in the literature to date, there is still uncertainty regarding the best shear wave 
arrival time definition method, be it in the time or frequency domain. However, some quarters 
claimed greater confidence in the potential of the frequency domain methods (e.g. Arroyo 2001, 
Greening et al. 2003, Greening and Nash 2004). Although assessment in the frequency domain 
could reveal more information about the soil-wave interaction, the extra data processing involved 
could inadvertently eclipse the primary advantage of the bender element test- its simplicity.  
CONCLUSIONS 
Different methods were used to determine the shear arrival time, working in either the time or 
frequency domain. Although some other researchers have claimed that frequency domain 
methods are more reliable, similar observations were not made in the present work. Visual 
picking of the arrival time in the time domain was found to be equally good, and had the 
advantage of being easier and faster. 
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Figure 7a: Shear wave velocities at various input frequencies- Specimen S 
 
 
 
Figure 7b: Shear wave velocities at various input frequencies- Specimen L 
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